A novel approach to synthesize silver nanoparticles (AgNPs) using leaf extract of Canna edulis Ker-Gawl. (CELE) under ambient conditions is reported here. The as-prepared AgNPs were analyzed by UV-visible spectroscopy, transmission emission microscopy, X-ray diffraction, Fourier transform-infrared spectroscopy, energy-dispersive analysis of X-ray spectroscopy, zeta potential, and dynamic light scattering. The AgNPs showed excellent antimicrobial activity against various pathogens, including bacteria and various fungi. The biocompatibility of the AgNPs was analyzed in the L929 cell line using NRU and MTT assays. Acridine orange/ ethidium bromide staining was used to determine whether the AgNPs had necrotic or apoptotic effects on L929 cells. The concentration of AgNPs required for 50% inhibition of growth of mammalian cells is far more than that required for inhibition of pathogenic microorganisms. Thus, CELE is a candidate for the eco-friendly, clean, cost-effective, and nontoxic synthesis of AgNPs.
Introduction
Standard "green" science methods, which decrease the utilization or production of dangerous substances, are also being applied in the field of nanoscience, including the synthesis of nanoscale items, leading to the advancement of techniques for creation of nanomaterials [1] [2] [3] [4] . A number of chemical and physical methods have been used to synthesize metal nanoparticles, including chemical reduction [5, 6] , electrochemical reduction [7] [8] [9] , photochemical reduction [10] , radiation [11, 12] , and heat evaporation [13, 14] . However, the chemicals used in these processes are often costly, toxic, and not eco-friendly. In addition, various organic coatings are used to prevent the aggregation of nanoparticles and increase their biocompatibility. When used in large-scale production, these organic coatings may become organic pollutants [15] . Therefore, biological synthesis of nanoparticles has received increasing attention recently, as it is cost effective, clean, eco-friendly, and nontoxic; biological synthesis involves the use of biological entities and non-hazardous chemicals for synthesis of nanomaterials, to minimize or avoid undesirable byproducts. Various prokaryotes and eukaryotes have been used for the synthesis of nanoparticles [16] . Of the numerous nanomaterials being produced, those made with noble metals have garnered significant attention owing to their optoelectric properties, and have been shown to be exceedingly adaptable and tunable materials for a wide range of applications, including biophysical conjugates, biological detection, imaging, and cancer treatment. Silver nanoparticles (AgNPs) have been studied widely and have been shown to have powerful antimicrobial properties for the treatment of infections, for food preservation, and for water treatment [17] . AgNPs are now being used in medical devices, optical devices, electronics, biotechnological applications, and as biosensors and catalysts [18, 19] . Among the various methods for AgNP synthesis, plant-mediated synthesis has received much attention, as it is very easy and rapid compared with the tedious and time-consuming processes required for microbial synthesis. The extracts of various plant parts, such as calluses, leaves, flowers, fruits, and seeds, have been used for AgNP biosynthesis [20, 21] .
In the present work, we demonstrated the biosynthesis of AgNPs using the flowering plant Canna edulis Ker-Gawl. C. edulis is a tropical herb that grows from a rhizome, with banana-like leaves and multicolored flowers. Many parts of Canna spp. are used to regain energy, as a demulcent to stimulate menstruation, to treat suppuration, to treat rheumatism, and as a diuretic in fevers and dropsy, and in traditional medicine as a diaphoretic [22] . Extracts of C. indica L. also show antitumor activity in rodents, low toxicity in cell culture, and antimicrobial activity [23] . In addition, Canna spp. have been used in built wetlands for removal of organic pollutants, heavy metals, and phosphorus [24] . Although Canna spp. have medicinal as well as environmental applications, they have yet to be investigated for use in the biosynthesis of AgNPs. Herein, aqueous leaf extracts of C. edulis species (CELE) were used for reduction of aqueous AgNO 3 to AgNPs. The AgNPs demonstrated antimicrobial activity against drug-resistant human pathogenic microorganisms. The cytotoxicity of the AgNPs was also studied in a mammalian cell line (L929) using NRU and MTT assays. Finally, acridine orange/ethidium bromide (AO/EB) nuclear staining was used to determine the apoptotic and necrotic effects of the AgNPs on the cell line under a fluorescence microscope.
Materials and Methods

Synthesis of AgNPs
C. edulis Ker-Gawl. leaves were washed under tap and distilled water. The leaves (15 g) were chopped in small pieces and kept in 100 ml double distilled water for 10 min at 50 In 500 ml Erlenmeyer flasks, 10 ml CELE was added to the 90 ml of 2 mM AgNO concentration, leaf extract concentration, and temperature was studied to maximize production of nanoparticles. To observe effect of AgNO 3 concentration on AgNPs synthesis, 10 ml of CELE was added in Erlenmeyer flasks (500 ml) containing 90 ml of 2, 4, and 6 mM aqueous AgNO
3
. In 100 ml of 10% CELE, different concentration of AgNO 3 was added to observe the effect of aqueous AgNO 3 on synthesis process. To demonstrate the effect of leaf extract concentrations on AgNPs synthesis, 10, 30, and 50 ml CELE were added in 500 ml Erlenmeyer flasks containing 90 ml of 2 mM aqueous AgNO (5 to 9) on the synthesis of AgNPs were also analyzed using 10 ml CELE and 90 ml of 2 mM aqueous AgNO
For pH adjustment, 1 N NaOH and 1 N HCl were used. The color change was observed after 24 h of incubation and AgNPs synthesis was analyzed using UV-Vis spectrophotometer [17, 29, 30, 32] .
Characterization of AgNPs
To verify biosynthesis of AgNPs, UV-visible (UV-Vis) spectroscopy was used (UV 1800; Shimadzu, Japan); AgNPs show a characteristic peak between 400 and 500 nm. The crystalline structure of the as-prepared AgNPs was analyzed using a Philips PW-3710 diffractometer with Cu K α radiation. XRD patterns were measured using the X'pert high-score software. Freeze-dried leaf extracts were analyzed using energy-dispersive analysis of X-ray spectroscopy (EDX). Fourier transform-infrared (FTIR) spectral analysis of freeze-dried CELE-AgNPs was performed using an Alpha ATR Bruker spectrometer. Transmission electron microscopy (TEM) analysis was performed using a Philips CM200 device. The hydrodynamic diameter and electrokinetic potential (zeta potential) of colloidal CELE-AgNPs were recorded using a NICOMP 380 ZIS device.
Results and Discussion
Biosynthesis of AgNPs
After incubating a mixture of 10 ml of CELE and 90 ml of 2 mM aqueous AgNO 3 for 24 h, a color change from brown to dark brown was observed. The surface plasmon resonance (SPR) properties of the CELE-AgNPs give a characteristic brown color to the colloidal solution [25, 26] . The absorbance peak observed at 410 nm in the UV-Vis spectrophotometric analysis confirmed formation of AgNPs using the leaf extract (Fig. 1) . The right side of Fig. 1 shows the color change from brown to dark brown. The AgNPs are referred to as CELE-AgNPs, based on the source of the leaf extract. To study the effect of the CELE concentration on AgNP formation, different concentrations (10, 30, and 50 ml) of CELE were added to the 2 mM aqueous AgNO . As shown in Fig. 2A , as the concentration of CELE increased from 10 to 50 ml, the intensity of the peak at 410 nm also increased, due to an increase in the quantity of nanoparticles synthesized. The effect of the AgNO 3 concentration on AgNP synthesis was also studied, using 10 ml of CELE. As the AgNO 3 concentration increased from 2 to 6 mM, the peak red-shifted to 420 nm (Fig. 2B ). This phenomenon is attributed to formation of larger nanoparticles [21] . No color change was observed in the aqueous solution of AgNO 3 alone, confirming the absence of abiotic formation of AgNPs. The effect of pH on the biosynthesis of CELEAgNPs was observed by varying the pH from 5 to 9. As shown in Fig. 2C , the pH of the synthesis media affected the biosynthesis of AgNPs. No synthesis occurred at pH 5 or 6, as shown by the lack of absorption peaks at 410 nm. The SPR intensity increased as the pH of the extract increased from pH 7 to 9. Thus, synthesis of AgNPs using CELE requires a neutral or basic pH, and does not proceed at acidic pH. At neutral or basic pH, ionization of phenolic groups of compounds present in the leaf extract may have occurred, causing formation of AgNPs [5, 20, 27] . Although the reason for the lack of synthesis at acidic pH remains unclear, an acidic environment may inactivate the reducing functional groups. Under highly alkaline conditions, silver hydroxide may have formed. Thus, a neutral pH is most favorable for the synthesis of AgNPs. Temperature may also play a crucial role in the rapid synthesis of AgNPs using CELE. Fig. 2D shows the effects of temperature. As the temperature for synthesis rose from 30°C to 60°C, the Fig. 2 . UV-Vis spectroscopy of AgNPs synthesized using (A) different concentrations of Canna edulis leaf extract (CELE) with 2 mM AgNO SPR intensity also increased, and the peak shifted towards a shorter wavelength, which is attributed to formation of smaller nanoparticles. Thus, a higher temperature induces more rapid reaction reduction of AgNO 3 , leading to formation of smaller AgNPs.
CELE contains high concentrations of polyphenols, flavonoids, antioxidants, and proteins [22] . Phytochemicals extracted from the parenchyma of a Cycas leaf have been used in the synthesis of spherical AgNPs (2-6 nm) [28] . Whereas silver ions were reduced to AgNPs by proteins present in the leaf extract of Capsicum annuum L. [11] , the biochemicals present in CELE contributed to the active conversion of aqueous AgNO 3 to CELE-AgNPs. The exact mechanism underlying the difference in the activities of the two cell-free extracts in reduction of AgNO 3 remains unclear, but it bears further investigation. Several plants have been tested for the biosynthesis of AgNPs under various reaction conditions. Bar et al. [15] and Jha and Prasad [28] reported heat-assisted biosynthesis of AgNPs using latex from Jatropha curcus and Cycas leaf extract, respectively. Kéki et al. [29] demonstrated UV lightassisted synthesis of AgNPs. However, no external heat or light was required for synthesis of nanoparticles using our method, and the synthesis of CELE-AgNPs occurred at ambient temperature and under neutral reaction conditions.
Characterization of AgNPs
The SPR peak observed by UV-Vis spectrophotometry at 410 nm indicates the presence of spherical nanoparticles (Fig. 1) [30] . Fig. 3A shows the XRD pattern of CELEAgNPs with a Cu K α target in the 0-100° range. Four peaks were observed in the XRD pattern, at 2θ values of 37.8°, 44.1°, 62.9°, and 75.9°, and were indexed as (111), (200), (220), and (311), respectively, which confirms a face centric cubic crystal structure [31] . The obtained pattern corresponds with JCPDF Card No. 04-0783. From the Debye-Sherrer formula, D = 0.9λ/βcosθ (β = full width at half maximum, λ = X-ray wavelength of the Cu target (1.54 Å), D = average crystal size, and θ = diffraction angle). For measurement of the crystal size of the nanoparticles, Gaussian fitting of each peak was performed. From the formula, the CELEAgNPs showed a crystal size of 15 nm, which was The interaction between the CELE biomolecules responsible for reduction and stabilization of silver ions into AgNPs was evaluated using FT-IR measurement of freeze-dried CELE-AgNPs. Various biomolecules, including polyphenols, flavonoids, carbohydrates, proteins, and peptides, are present in the leaf extract. In the IR region of the electromagnetic spectrum, vibrations characteristic of amino acid residues of proteins or peptides were observed, at ~1,635 and 2,114 cm -1
. In addition, corresponding vibrations were observed at ~3,310 and 3,850 cm -1 (Fig. 3B) . Cysteine residues or free amine groups and negatively charged carboxylate groups of proteins are thought to be involved in the proteinnanoparticle interaction [32] [33] [34] . The results indicate that a protein carbonyl group interacts with the metal nanoparticles, indicating the presence of proteins playing significant roles in the formation of the AgNPs and in preventing aggregation. The hydrodynamic distribution (Fig. 3C ) and zeta potential (Fig. 3D ) of the colloidal AgNPs were 40 ± 5 nm and −33.7 mV, respectively, indicating that the particles are nanometer-sized and have excellent stability in suspension [35] . EDX analysis was performed for the compositional study, which showed typical signals of elemental silver at 3 keV (Fig. 4A) [16] . The TEM results also confirmed the presence of spherical, polydispersed CELE-AgNPs with 25 nm average size (Figs. 4B and 4C) . The SAED pattern obtained is characteristic of elemental silver, indicating formation of crystalline AgNPs (Fig. 4D) .
Antimicrobial Activity
Although various mechanisms have been proposed for the bactericidal activity of AgNPs, the mechanism of action remains undetermined. Various papers have stated that the integrity of the bacterial cell membrane is disturbed by attachment of AgNPs, which disrupts the respiratory machinery of the cells, allowing the nanoparticles to enter the cells [36, 37] . Small nanoparticles have a larger collective surface area than large nanoparticles, which facilitates greater interaction between small nanoparticles and microorganisms, producing a stronger bactericidal effect [18, 38] . The strength of nanoparticle-mediated antimicrobial activity also depends on the shape of the nanoparticles [39, 40] .
Although CELE has mild antimicrobial activity, no antimicrobial activity was observed against the human pathogenic microorganisms tested. The antimicrobial activity of aqueous AgNO 3 was compared with that of as-prepared AgNPs. CELE-AgNPs showed strong antimicrobial activity against all microorganisms tested, including gram-negative and gram-positive bacteria, and several fungal species; the antimicrobial activity of CELE-AgNPs was stronger than that of AgNO 3 (Fig. 5) . Gram-negative bacteria showed stronger resistance to the nanoparticles than gram-positive bacteria, perhaps owing to differences in cell wall architecture. The fungal species were resistant to aqueous AgNO , and CELE-AgNPs against pathogenic microorganisms as measured using a zone of inhibition (mm).
were susceptible to CELE-AgNPs. Thus, the as-prepared AgNPs showed potential antimicrobial activity. However, before these particles can be applied to uses in biomedical or industrial fields, their cytotoxicity to mammalian cells must be tested against mammalian cells.
In Vitro Cytotoxicity
AgNPs have been extensively studied and they have been demonstrated to show potent antimicrobial activity. Despite this major advantage, they have also been shown to affect mammalian cells. Therefore, to determine the toxicity of CELE-AgNPs to cells, the in vitro cytotoxicity of AgNPs was tested on the L929 cell line using an MTT assay ( Fig. 6A ; blue bars) and an NRU assay ( Fig. 6A; pink bars) . In both assays, as the concentration of CELE-AgNPs increased, the toxicity of the nanoparticles towards the L929 cells increased (Figs. 6B-6D) . After 24 h of incubation at concentrations of 1.5, 3.12, and 6.25 μg/ml, the AgNPs showed no significant effect, whereas concentrations greater than 12.5 μg/ml affected cell viability.
The toxicity of AgNPs to cells was investigated using a simple and rapid fluorescence microscopy method, using AO/EB (nucleus binding dyes) staining for observation of necrotic and apoptotic effects. AO stain penetrates all cells, and stains the nuclei green. Cells with membrane damage can take up only EB, which stains the nucleus red. The EB stain is dominant to the AO stain. Therefore, live cells exhibit a green nucleus; cells with a bright green nucleus are designated as early apoptotic cells; late apoptotic cells exhibit orange chromatin; structurally normal orange chromatin is observed in cells that have undergone necrosis [41] . Concentrations of 0 μg/ml (control), 18 μg/ml (~IC concentration is appropriate for biomedical applications. These results demonstrate that the nanoparticles show a dose-dependent cytotoxic effect on mammalian cells. In addition, the concentration required to inhibit growth of microorganisms is less than the dose that causes 50% growth inhibition of a mammalian cell line. CELE contains abundant phytochemicals, and their presence on the CELEAgNPs would have increased the cytocompatibility. Further modification of the process is required to make these nanoparticles applicable to medicinal uses. The potential interactions of CELE-AgNPs with normal animal cell lines ).
and cancerous cells require additional investigation for better risk assessment.
In conclusion, we have described a promising green chemistry approach to the biosynthesis of metal nanostructures. The leaf extract of the flowering plant C. edulis Ker-Gawl. was demonstrated to show potential for use in eco-friendly, green synthesis of AgNPs. The CELEAgNPs were crystalline and <40 nm in size. The as-prepared nanoparticles had excellent stability in colloidal solution. These AgNPs were found to possess promising antimicrobial activity against pathogenic microorganisms. The biocompatibility of these AgNPs was tested in a mammalian cell line, and showed dose-dependent cytotoxicity. The AO/EB staining method was used for assessment of apoptosis and necrosis in mammalian cells following treatment with CELE-AgNPs. The IC 5 0 concentration for the mammalian cells was greater than that required for inhibition of the pathogenic microbial cells. Therefore, CELE shows potential for use in green synthesis of AgNPs.
